We examined the hypothesis that elevation of the body core-temperature threshold for forearm skin vasodilation (TH FVC ) with increased exercise intensity is partially caused by concomitantly increased plasma osmolality (P osmol ). Eight young male subjects, wearing a body suit perfused with warm water to maintain the mean skin temperature at 34 ± 1°C (ranges), performed 20-min cycle-ergometer exercise at 30% peak aerobic power (VO 2peak ) under isoosmotic condition (C), and at 65% VO 2peak under isoosmotic (H EX I OS ) and hypoosmotic (H EX L OS ) conditions.
INTRODUCTION
It has been reported that the esophageal temperature (T es ) threshold for cutaneous vasodilation (TH FVC ) increases linearly above a certain intensity of dynamic leg exercise.
Johnson et al. (10) suggested that TH FVC increased during exercise compared to at rest but no increase occurred below 150 watts of intensity. Similar findings were also that TH FVC above 80% of VO 2peak was higher than at 30% VO 2peak . The threshold therefore increased curvilinearly with exercise intensity, but the mechanism remains unknown.
Since plasma osmolality (P osmol ) is known to increase with increased exercise intensity in the same way as TH FVC (17), we postulated that increased P osmol would be associated with increased TH FVC with exercise intensity. Experimentally, Takamata et for at least 12 hrs before the experiments and to drink a glass of tap water (200 ml) 1 hr before the experiments.
In the C and H EX I OS trials, subjects reported to the laboratory at 8:00am normally hydrated but without breakfast. Clad in shorts and shoes, the subjects emptied their bladders, entered a chamber with a controlled ambient temperature (T a ) of 28 ± 0.5°C (mean ± ranges) and relative humidity (RH) of 50 ± 1%, then put on a thermal suit and sat in the contoured chair of the cycle ergometer in a semirecumbent position. The sleeves of the suit were cut off at the elbows and the right and left forearms and hands were open to the air for catheterization and the measurement of forearm skin blood flow (FBF), respectively. The remaining parts of the body were covered, except for the feet.
The suit was perfused with water warmed to 36°C to maintain the mean skin temperature (T skin ) at 33-35°C during exercise. A teflon catheter was inserted into the large antecubital vein of the right forearm for blood sampling and saline infusion.
After waiting more than 10 min at rest, baseline blood was taken at 9:00am and then subjects in the C and H EX I OS trials were infused with 0.9% saline solution warmed to 36.5°C at 0.05 ml·kg -1 ·min -1 and 0.2 ml·kg -1 ·min -1 , respectively, for 90 min. The volume of 0.9% saline infusion in the C and H EX I OS trials was determined by preliminary studies to maintain PV at a similar level to that in the H EX L OS trial at 5 to 10 min after the start of exercise, around which time TH FVC was observed.
In the H EX L OS trial, subjects came to the laboratory at 7:30am and entered the chamber at 8:00am. A teflon catheter was inserted and a blood sample was taken after 10-min rest, then subjects were infused with 0.2 g·ml Since the urine volume before entering the artificial climate chamber was minimal, all the infused volume of 0.45% saline was confirmed as retained in the body.
After waiting for 30 min for the body fluid to stabilize after infusion, the measurements were started at approximately 11:00am for all trials. Baseline measurements for taken for 10 min, then subjects exercised for 20 min during which time FBF, heart rate (HR), systolic (SAP) and diastolic (DAP) arterial pressures, T es and T skin were measured as described below.
Measurements

VO 2peak
VO 2peak was measured using graded exercise with a cycle ergometer in a semirecumbent position at 25°C of T a and 50% of RH. After electrocardiogram electrodes were applied, a mouthpiece was connected for VO 2 measurement, and the subjects started pedaling at 60 cycles·min -1 without loading. The intensity was increased by 60 watts every 3 min until 180 watts, and above this intensity, it was increased by 30 watts every 2 min until 240 watts, and then by 15 watts every 2 min until subjects were not able to maintain the rhythm due to exhaustion. T es and T skin T es was monitored every 5 s using a thermocouple in polyethylene tubing (PE-90).
The tip of the tube was advanced to one-fourth of the subject's standing height from the external nares. Skin temperature was also monitored every 5 s using a thermocouple attached to three sites: right forearm (T fa ), chest (T ch ), and right thigh (T th ). determined from the first sharp increase in T es for ~10 min before rapid FVC increase, the second was determined from rapid FVC increase, and the third was determined from measurements after the second component. The TH FVC was determined from the crossing of the first and second regression lines. Any increase in FVC (∆FVC) at a given increase in T es (∆T es ) (∆FVC/∆T es ) was determined from the second slope in each subject, and the results by statistical analyses are summarized in Table 1 . The TH FVC and the slope were determined by three separate investigators who were familiar with the method, and the three values measured were averaged. The investigators were blinded to the experimental designs of the determinations.
Statistics
Three-way ANOVA (exercise intensity x P osmol x time) for repeated measures was used to test the differences in HR, MAP, T es , T skin , and blood chemicals among the trials.
Two-way ANOVA (exercise intensity x P osmol ) for repeated measures was used to test the differences in TH FVC and ∆FVC/∆T es . Subsequent post hoc tests to determine significant differences in the various pair-wise comparisons were performed using Fisher's least significant difference test. The slope of ∆FVC/∆T es was determined by standard Y-minimized regression analyses. All values in each trial were reported as the means ± SE for 8 subjects. The null hypothesis was rejected at P < 0.05. Tables 3 and 4 show cardiovascular and body temperatures, respectively, during the thermoregulatory response test. There were no significant differences in HR and MAP in the H EX trials but they were higher than in the C trial. T es was not significantly different between the H EX trials and T skin was well controlled within 33-35°C in every trial. T fa in all trials was significantly lower than T ch and T th , (P < 0.001) but with no significant differences among the trials (not shown). (Fig. 3) .
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As shown in Fig. 3 , TH FVC increased in proportion to the increased P osmol in each subject and the sensitivity of the increased TH FVC per unit increase in P osmol (∆TH FVC /∆P osmol ) was similar to the sensitivity of the reduced TH FVC per unit decrease in P osmol . There have been several studies suggesting that hyperosmolality increased the T es thresholds for cutaneous vasodilation (24, 25) or sweating (6, 19). Fortney et al.
(6) suggested that the TH FVC and T es thresholds for sweating both increased by ~0.5°C
during bicycle exercise at 65-75% of VO 2peak when P osmol increased by ~10 mosmol -1 ·kgH 2 O by hypertonic saline infusion prior to exercise while maintaining PV at the same level as the control trial. However, in their study, since P osmol increased above the level induced by exercise itself, it was unclear whether the upward shift of TH FVC with increased exercise intensity (23, 29) was caused by the increased P osmol . In this study, TH FVC and P osmol levels in the H EX L OS trial were between those in the C and H EX I OS trials.
Sawka et al. (19) studied the effects of acute hypervolemia and acute hypovolemia on the T es threshold for sweating at a given intensity of treadmill running, and analyzed the results in relation to the resultant change in P osmol . They suggested that the T es threshold in the hypervolemic trial was lower than in the control trial with an attenuated increase in P osmol . On the other hand, the threshold was higher in the hypovolemic trial than that in the control trial with an enhanced increase in P osmol . However, since they did not separate the effects of P osmol from those of blood volume, it is unclear whether the lower P osmol decreases the threshold. Thus, ours is the first study to isolate the P osmol effects on TH FVC within the physiological range. We found that TH FVC at 65% VO 2peak of exercise was decreased with reduced P osmol , and that the sensitivity (∆TH FVC /∆P osmol ) was similar to that with increased exercise intensity from 30% to 65% VO 2peak , demonstrating that P osmol plays an important role in the upward shift of TH FVC with increased exercise intensity.
Regarding the afferent pathway of the effect of hyperosmolality on skin blood flow and sweating, Nielsen et al. (15) (9) recently examined whether P osmol was involved in the downward shift of TH FVC after heat acclimation/endurance training at a given intensity of exercise, and found that the sensitivity of the upward shift of TH FVC per unit increase in P osmol , by pre-treatment with a hypertonic infusion, was reduced by 50% after 10-day endurance training, concluding that reduced osmotic sensitivity was closely associated with improved thermoregulatory response. Regarding the mechanisms, since the sensitivity of ADH secretion to altered P osmol was reported to be enhanced in fit subjects (8) and even remained unchanged in heat-acclimatized subjects (27), they suggested that reduced osmotic sensitivity after 10-day endurance training was limited to thermoregulation through a different path from that for ADH secretion (9). Since the plasma ADH level at 65% VO 2peak , the same relative exercise intensity as in this study, was reported to remain the same as at rest despite a ~5 mosmol -1 ·kgH 2 O increase of P osmol (26), the upward shift of TH FVC with increased exercise intensity may be caused by a different osmosensitive mechanism from that for ADH secretion. (Fig. 2) , we surmised that the enhanced sensitivity of ∆TH FVC /∆P osmol with increased exercise from the C to H EX I OS trial could be associated with reduced pH in the contracting muscles due to enhanced lactate production (20) . Experimentally, Crandall et al. (2) reported in passively hyperthermic subjects that forearm cutaneous vasodilation was suppressed by isometric handgrip exercise as well as following post-exercise ischemia in the contralateral forearm, suggesting that muscle metaboreceptors may also be involved in the exercise intensity-associated increase in TH FVC .
Limitations
In this study, desmopressin (DDAVP) was administered in the H EX L OS trial to retain hypotonic saline in the body. Although the effects of DDAVP on TH FVC were not completely excluded, the expression of V 2 receptors is limited to the ascending limb of Henle's loop or the collecting duct in the kidney (7). Moreover, there were no significant differences in MAP and HR at rest between H EX L OS and other trials. These results suggest that the effects of DDAVP on the P osmol -TH FVC relationship are minimal.
The volume of 0.45% saline infusion in the H EX L OS trial was designed to negate the presumed increase in P osmol at TH FVC by free water loss into the contracting muscles (17). However, since the infusion rate was restricted to avoid hemolysis in the peripheral vein into which hypotonic saline was infused, P osmol at TH FVC remained slightly but significantly higher than in the C trial. However, P osmol in the H EX L OS trial was successfully reduced to a significantly lower level than in the H EX I OS trial.
TH FVC is known to increase by 0.2°C with a 1°C decrease in T skin (13) . In addition, T skin is decreased by sweating, which removes heat from the skin surface for evaporation. To avoid differences in T skin among the trials, a thermal suit was used to maintain constant T skin and to minimize evaporative heat loss by maintaining vapor pressure saturated in the microenvironment under the suit. As a result, T skin for all trials was controlled within the range of 34 ± 1°C. Although T fa in all trials transiently decreased at 5 min of exercise compared with at rest (not shown), this decrease was too small to decrease T skin (Table 4) , and it was not significantly different among the trials.
These results suggest no significant differences in thermal input from the skin surface of the entire body to the thermoregulatory center among the trials.
In conclusion, we examined the role of P osmol in the exercise intensity-associated increase in TH FVC , and the results suggested that P osmol is at least partially involved in the elevation of TH FVC above moderate exercise intensity. The relationships between forearm skin vascular conductance (FVC) and esophageal temperature (T es ) during cycle ergometer exercise at 30% VO 2peak in isoosmolality (C) and at 65% VO 2peak in isoosmolality (H EX I OS ) and hypoosmolality (H EX L OS ). The encircled symbols indicate the values at rest. The means and SE bars for 8 subjects. Relationship between TH FVC and P osmol in individual subjects for all trials. The means and SE bars for 8 subjects in each trial are also presented with large symbols. TH FVC was significantly correlated with P osmol (r = 0.438, P < 0.05) when they were pooled.
Other symbols and abbreviations are as in Fig. 1 . Values are means ± SE for 8 subjects. Other abbreviations are the same as in Table 1 . * Significant differences from C at the level of P < 0.05. [ 
